Lipopolysaccharide (LPS) is a major virulence determinant of the human bacterial pathogen Haemophilus influenzae. A characteristic feature of H. influenzae LPS is the extensive intra-and inter-strain heterogeneity of glycoform structure which is key to the role of the molecule in both commensal and disease-causing behaviour of the bacterium. The chemical composition of non-typeable Haemophilus influenzae (NTHi) LPS is highly diverse. It contains a number of different monosaccharides (Neu5Ac, L-glycero-D-manno heptose, and non-carbohydrate substituents. Prominent non-carbohydrate components are O-acetyl groups, glycine and phosphates. We now know that sialic acid (N-acetylneuraminic acid or Neu5Ac) and certain oligosaccharide extensions are important in the pathogenesis of NTHi; however, the biological implications for many of the various features are still unknown. Electrospray ionization mass spectrometry in combination with separation techniques like CE and HPLC is an indispensable tool in profiling glycoform populations in heterogeneous LPS samples. Mass spectrometry is characterized by its extreme sensitivity. Trace amounts of glycoforms expressing important virulence determinants can be detected and characterized on minute amounts of material. The present review focuses on LPS structures and mass spectrometric methods which enable us to profile these in complex mixtures.
INTRODUCTION
Haemophilus influenzae is an important commensal and pathogen of humans which commonly colonises the upper respiratory tract and is found in both encapsulated (types a-f) and non-encapsulated, so-called nontypeable (NTHi), forms. Encapsulated, mostly type b strains, can be invasive and cause bacteraemic infections such as meningitis and septicaemia, whereas NTHi are a relatively common cause of respiratory tract infections (e.g. otitis media, pneumonia), especially in young children. Acute otitis media is the most common cause of paediatric visits in developed countries and also the most common indication for antibiotic prescription and surgical intervention. 1, 2 Glycoconjugate vaccines based on the specific capsular polysaccharide of type b H. influenzae have proven successful in the control of invasive H. influenzae type b disease in infants. Nevertheless, these vaccines do not provide protection against diseases caused by NTHi because they are only protective against infections caused by H. influenzae strains bearing the type b capsule. In the absence of an antigenic capsule, development of an effective vaccine seems much less straightforward. Success in these efforts requires a clear understanding of the mechanisms by which the organism is able to cause disease.
Invited review
Profiling structural elements of short-chain lipopolysaccharide of non-typeable Haemophilus influenzae Elke K.H. Schweda 1 , Brigitte Twelkmeyer 1 , Jianjun Li 2 Lipopolysaccharide (LPS) is a major and essential component of the cell wall of H. influenzae and is also a virulence determinant for both encapsulated and nonencapsulated strains. LPS can be involved at each stage of the pathogenesis of H. influenzae infections, causes cytotoxic injury to target tissues and is a target for host immune responses. 3 H. influenzae expresses short-chain LPS, lacking O-specific polysaccharide chains and is often referred to as lipooligosaccharide (LOS).
The structural diversity of LPS expression and the genetic basis for that diversity in a representative set of NTHi clinical isolates obtained from otitis media patients has been studied in great detail over the last decade. 4 As a consequence, H. influenzae is now an exemplar Gram-negative bacterium for which the most extensive and detailed LPS structural data and functional correlates are available. The H. influenzae LPS has previously been reviewed by Apicella and co-workers in 1996 and again in 2003. 5, 6 The structure, genetics and expression of variant LPS glycoforms and their implications on virulence was reviewed by ourselves in 2007. 4 The heterogeneity and structural diversity of H. influenzae short-chain LPS pose significant analytical challenges. In the present review, we focus on use of recent mass spectrometric methods to profile these in complex mixtures.
The common structural element of H. influenzae LPS
Lipopolysaccharide from H. influenzae contains a glucosesubstituted triheptosyl inner-core moiety L-α-D-Hepp-(1→2)-[PEtn→6]-L-α-D-Hepp-(1→3)-[β-D-Glcp-(1→4)]-L-α-D-Hepp linked to lipid A via Kdo 4-phosphate. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] This inner-core unit provides the template for attachment of oligosaccharide and non-carbohydrate substituents as depicted in Scheme 1, where R 1 = H, PCho, D,D-Hep or L,D-Hep; R 2 = H, Glc, Gal or Ac; R 3 = H or Glc; R 4 = H, Glc, Gal or Ac; and Y = H, Ac, Gly, P or PEtn.
H. influenzae LPS comprises extremely heterogeneous glycoform populations (see Figs 2, 4 and 6) . Intrastrain variability results from variable lengths of the oligosaccharide chains attached to HepI-HepIII. This is due to incomplete biosynthesis during stepwise addition of the sugar residues and phase variable expression of particular genes. 24, 25 Phase variation is the high frequency on-off switching of gene expression that can result in reversible loss or gain of specific structural elements within the LPS molecule and is further discussed below. Another source of intra-strain variation in LPS structure results from competition during biosynthesis, i.e. when a sugar residue is the acceptor for two or more transferase enzymes giving rise to multiple variant glycoforms. This was especially obvious for NTHi strains 1209 and 1233 in which substitution with PCho competes with substitution of an external heptose to GlcI (see below). 18 Inter-strain variation primarily results from differences in the genetic blueprint for biosynthesis available in each strain. This is reflected in the presence or absence of particular biosynthetic genes and the expression pattern of these genes at any given point in time. Lipopolysaccharide of H. influenzae is highly substituted by non-carbohydrate substituents. This adds considerably to the heterogeneity of LPS since certain substituents can be located at several positions in the same LPS molecule and in non-stoichiometric abundances (see Fig. 4 ).
The lipid A backbone of H. influenzae LPS was shown by Helander et al. 26 to consist of a β-(1→6)-linked Dglucosamine disaccharide, which is phosphorylated at positions 1 and 4′. The disaccharide is primarily acylated with four 3-hydroxytetradecanoic acids. N-Acylation occurs at C-2 and C-2′ and O-acylation at C-3 and C-3′. In addition, the 3-hydroxy groups of the fatty acids at 2′ and 3′ are acylated with myristic acids. 26 Recently, the structure of lipid A isolated from 22 non-typeable and 2 type f H. influenzae strains were investigated. 19 The major and hexa-acyl lipid A structure comprised of a β-GlcpN-(1→6)-α-GlcpN with phosphate group at C-1 and C-4′ positions. The N-2/N-2′ and O-3/O3′ positions were substituted by amide-linked and ester-linked 3hydroxytetradecanoic acid chains (14:0(3-OH)), respectively. The hydroxy group of 14:0(3-OH) fatty acid chains on N-2′ and O-3′ positions were further esterified by tetradecanoic acid chains (14:0). In all strains, minor amounts of lipid A molecules with different acylation patterns were detected. In addition, lipid A with an acetyl group attached to the 14:0(3-OH) at N-2 or O-3 position was detected in two non-typeable H. influenzae strains. 27 A characteristic of H. influenzae LPS is that terminal oligosaccharide moieties mimic host structures, generally glycosphingolipids found on human cells. This mechanism is referred to as molecular mimicry and contributes to evasion of host immune response. These host-
and truncated versions thereof (Table 1) . Interestingly, the same oligosaccharide extension or non-carbohydrate substitution can occur at more than one of the heptose residues, i.e. globotetraose (see Fig. 1 ), whereas others only extend from the proximal (i.e. β-D-GalpNAc-(1→3)-α- The distal heptose (HepIII) in the inner-core region has been found, depending on strain, to be substituted at either the O-2 or O-3 position (Scheme 1, R 4 ) by β-D-Galp, 28, 29 or β-D-Glcp. 14, 30 Whereas β-D-Galp has been found only as a terminal residue, strains that display a β-D-Glcp at this position show further extension at O-4 by β-D-GalNAcp-(1→3)-α-D-Galp-(1→4)-β-D-Galp-(1→ or α-Neu5Ac-(2→8)-α-Neu5Ac-(2→3)-β-D-Galp-(1→ and/or truncated versions of these. 14, 30, 31 The middle heptose of the triheptosyl moiety (HepII) has been found to be substituted at O-3 by α-D-Glcp. This residue has been found to be terminal 14 or to be further elongated at O-4 by globotriose (α-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Glcp-(1→) 20 or truncated analogues. HepII can also be substituted by the globotetraose-like epitope β-D-GalNAcp-(1→3)-α-D-Galp-(1→4)-β-D-Galp-(1→4)-α-D-Glcp-(1→ and/or truncated versions thereof. 15, 23 Recently, we found α-Neu5Ac-(2→3)-β-D-Galp-(1→4)-α-D-Glcp-(1→ to be linked to HepII. 23 In every strain investigated to date, the proximal heptose (HepI) is substituted by β-D Glcp at O-4 (see 17, 22, 33 Sialyllactose (α-Neu5Ac-(2→3)-β-D-Galp-(1→4)-β-D-Glcp-(1→) and its disialylated counterpart were indicated as extensions from HepI. 22 In addition, tetrasaccharide units bearing either terminal (PEtn→6)-α-D-GalpNAc or sialic acid linked to O-4 of GlcI have been reported. 34 Both inner-and outer-core glycosyl residues of H. influenzae LPS can carry phosphate-containing substituents. In every strain investigated to date, Kdo has Profiling structural elements of short-chain LPS of non-typeable H. influenzae 201 Table 1 . Structural motifs that have been identified to extend from HepI, HepII and HepIII of the inner-core region of H. influenzae LPS
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Heptose 13, 28 in a third structural variant, PCho has been found at O-6 of the α-D-Glcp residue at HepII (R 3 = PCho→6-α-D-Glcp). 14, 23 Moreover, certain strains of H. influenzae can elaborate LPS glycoforms that carry two PCho substituents. 28, 35 Ester-linked glycine is a prominent substituent in the inner core region of H. influenzae LPS. 36 Recent studies by our group would suggest that all strains are capable of expressing minor amounts of this amino acid on their LPS. HepIII is most frequently substituted by glycine although it can also be found on HepII or Kdo. In certain strains, two sites for glycine substitution have been identified; however, due to the low abundance of this substituent, the exact linkage positions have not as yet been determined. Both outer-and inner-core residues can be O-acetylated. Thus, HepIII has been found to carry Oacetyl substituents at the O-2 14 or O-3 position. 16 O-Acetyl groups are also found in some strains attached at the hexose linked to HepIII via O-6 or O-4 linkages 28, 37 or at GlcI. 13, 18 We have also observed acetylation of O-2 of HepI. 21 
Biosynthesis of the oligosaccharide portion of NTHi LPS
The availability of the complete genome sequence of H. influenzae strain Rd 38 has facilitated a comprehensive study of LPS biosynthetic loci in the homologous strain RM118 24 and in the type b strains Eagan (RM153) and RM7004 25 . Gene functions have been identified that are responsible for most of the steps in the biosynthesis of the oligosaccharide portion of their LPS molecules. The recent completion and release of further genome sequences for NTHi strains 39, 40 offers additional opportunity to identify novel LPS related genes. The genes required for oligosaccharide initiation from each of the three heptose residues in the inner core have been identified as lgtF (GlcI to HepI), lic2C (α-D-Glcp to HepII) and lpsA (HepIII). 41 Homologous genes having similar functions have been identified in a wide range of nontypeable strains. The lgtF and lpsA genes are invariably present in each strain examined while lic2C is found in less than half the strains. Glucose or galactose can be added to HepIII through either a β-(1→2) or β-(1→3) linkage. Each H. influenzae strain uniquely produces only one of the four possible combinations of linked sugars to HepIII in its LPS. We have recently shown that, in any given strain, a specific allelic variant of LpsA directs the anomeric linkage and the added hexose, glucose or galactose. 42 In that study, it was found that the nature of a single key amino acid at position 151 governed the addition of glucose or galactose and that the 3′ end of the gene directs the anomeric linkage [β-(1→2) or β-(1→3)] of the added hexose. Thus, allelic variation is another important mechanism contributing to the heterogeneity of LPS glycoforms between different strains.
The biosynthesis of subsequent oligosaccharide extensions strongly depends on the expression of phase variable genes. Phase variation enables the organism to adapt to changes in host environment and thus to evade immune responses. 43 LPS phase variation is mediated by polymerase slippage in multiple tandem tetranucleotide repeats in six characterized chromosomal loci: lic1, lic2, lic3, lgtC, lex2 and oafA. [44] [45] [46] [47] [48] Changes in the number of repeat units within a tract provide an on-off switch for translation of the relevant reading frame. The lex2 locus has been shown to encode a glucosyltransferase (Lex2B) adding a second β-D-Glcp to the glucose (GlcI) linked to HepI in the inner-core and is important for further oligosaccharide extension. 47 Preliminary results from our laboratory indicate that, in certain strains, an allelic variant of Lex2B adds galactose to H. influenzae LPS (Hood DW, unpublished observations). It has been demonstrated that expression of PCho substituents in H. influenzae LPS is subject to phase variation mediated by the lic1 locus. 49 The lic1 locus comprises four genes (lic1A to lic1D) of which lic1D encodes a diphosphonucleoside choline transferase. PCho has been found in different molecular environments depending on the strain. The observed donor specificity of lic1D is associated with DNA sequence polymorphism in lic1D. 50 Some strains expressing two PCho residues have duplicate copies of lic1 directing the addition of PCho in the lipopolysaccharide of H. influenzae. 35 Genes comprising the lic2 locus have been shown to be required for chain extension from HepII 41 and, together with lgtC, the lic2A gene is responsible for the phase variable expression of the galabiose component of the globoside oligosaccha-
when extending from HepIII. The globoside epitope was also identified as an extension attached directly to HepI. In this extension, only lgtC was shown to be involved in the biosynthesis of galabiose. 22 As mentioned above, an allelic variant of Lex2B acts as a galactosyltransferase in this case. The lic3 locus encodes an α-2,3-sialyltransferase that is responsible for addition of sialic acid (N-acetylneuraminic acid or Neu5Ac) to terminal lactose elongating from HepIII. 51 In addition, the genes lsgB and siaA are involved in sialylation of the lacto-N-neotetraose units, extending from HepI. 34 The phase variable gene oafA is involved in O-acetylation of H. influenzae LPS. Comparative structural analyses of LPS from wild-type and oafA mutant strains have demonstrated a role for this gene in the addition of Oacetyl groups to the distal heptose of the inner-core moiety. 48 The gene lpt6 is responsible for the addition of PEtn to HepII in strain Rd. 52 Following the recent completion and release of further genome sequences for NTHi strains, 39, 40 a candidate gene for a novel heptosyltransferase (losB) was identified through homology to a gene characterized in the related species Haemophilus ducreyi 53 that has recently been shown to direct the incorporation of a fourth heptose in the LPS of this species. 54 From the genome of NTHi R2486, two heptosyltransferase candidate genes, losB1 and losB2, were identified which were predicted to direct the addition of the external heptose in the inner-core moiety of NTHi strain R2486. When losB1 was inactivated in strain R2486, D,D-Hep was not expressed but minor quantities of L,D-Hep were found in its place in the outer-core region. Lipopolysaccharide from the R2846 losB1/losB2 mutant showed no external heptose, leading us to conclude that the losB2 gene is directing the addition of L,D-Hep to the same position (Lundström SL, in press).
To determine the structural genetic blueprint for LPS synthesis in H. influenzae, structural analysis of various mutant strains is fundamental. In addition, genetic manipulation of key genes is a powerful tool to aid structural analysis. In order to facilitate structural analysis, construction of defined mutants in known biosynthetic genes limits some oligosaccharide extensions, thus simplifying analyses of the remaining glycoforms in their LPS. LpsA mutant strains have been investigated since they do not exhibit chain elongation from HepIII in their LPS, but would be otherwise structurally identical to the LPS of the parent strain. 22, 23 lic2A and lgtC mutants include glycoforms sequentially truncated in globoside extensions from HepIII [i.e. α-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Glcp-(1→] aiding in the structural determination. 22 
Structural features of particular importance
Sialic acid (Neu5Ac) in H. influenzae LPS is a major virulence factor and helps the bacteria to resist the killing effect of normal human serum. 31 Sialic acid capped oligosaccharide extensions appear from all heptoses of the inner-core (see above). In a survey of 24 clinical isolates, representative of the genetic diversity of the natural population of NTHi strains, Neu5Ac was shown to be present in each strain. 55 The level of sialylation in H. influenzae LPS is generally very low but, when completely absent, the corresponding strain is non-virulent. This was demonstrated when chinchillas were infected with genetically diverse NTHi strains and developed acute otitis media that lasted for several weeks while infection was absent or attenuated in chinchillas that were inoculated with sialic deficient mutants (lic3A or siaB). Sialic acid has also been shown to be important in the pathogenesis of otitis media in the gerbil middle ear infection model. 56 In H. influenzae LPS, PCho plays a role in persistence of the bacterium on the mucosal surface of the nasopharynx, at least in part, by mediating bacterial adherence to, and invasion of, the host epithelia, 57 which it has been proposed occurs through the receptor for platelet activating factor (rPAF) on bronchial epithelial cells. 58 PCho expressed on the LPS of the organism is the target for the serum component C-reactive protein (CRP) which, when bound, mediates killing of the bacteria via the activation of complement. 43, 57 However, CRP-mediated killing depends on the molecular environment of PCho. Only strains expressing PCho on chain extensions from HepIII rather than HepI were shown to be sensitive to CRP-mediated killing. 50 PCho expression on the LPS of H. influenzae has also been associated with increased resistance to host antimicrobial peptide killing. 59 The host-mimicking terminal digalactoside (α-D-Galp-(1→4)-β-D-Galp-(1→) has been shown to give resistance to killing by naturally acquired antibody and complement present in human serum. 43 Expression of two digalactoside extensions, rather than one ( Fig. 1) , in isogenic strains has been shown to be associated with increased virulence in an in vivo model of H. influenzae infection. 60 O-Acetylation of H. influenzae LPS occurs frequently although not in all strains. Inactivation of the oafA gene led to removal of O-acetyl groups from the inner core of the LPS in two NTHi strains and to an increase in the killing effect of normal human serum on the bacterium when compared to wild-type. 48 The biological importance of glycine and P/PEtn substitution in H. influenzae LPS is still unknown. Their role in virulence is of interest and needs to be established.
Strategies to unravel structural features of importance
As described above, short-chain H. influenzae LPS is comprised of heterogeneous populations of low-molecular-mass hydrophilic oligosaccharide components that are covalently linked to a hydrophobic lipid A moiety (see Scheme 1). LPS molecules are poorly soluble in aqueous media as well as common organic solvents. Thus, structural profiling of H. influenzae LPS involves, in most cases, initial de-lipidation to obtain water-soluble oligosaccharides that are suitable for subsequent analyses by nuclear magnetic resonance (NMR) and mass spectrometric (MS) methods. One method of choice is O-deacylation of LPS by treatment with anhy-drous hydrazine under mild conditions. 61 This procedure provides material (LPS-OH) devoid of ester-linked fatty acids in the lipid A; however, any other ester-linked substituents are also removed. Mild acid hydrolysis of LPS with dilute aqueous acetic acid, on the other hand, affords insoluble lipid A and core oligosaccharide in which O-acyl substituents remain intact. However, oligosaccharide is devoid of any other acid labile component, e.g. Neu5Ac. The basic procedures for handling LPS have been reviewed. 62 NMR spectroscopy is an indispensable tool in analytical carbohydrate chemistry. It provides information on the identity and anomeric configuration of sugar residues as well as their sequence and linkages. This information is absolutely necessary for the determination of novel structures. In general, oligosaccharide is more suitable for NMR analyses than LPS-OH. Spectra of LPS-OH in D 2 O often show broad undefined peaks, even at higher temperature, due to molecular aggregation or micelle formation. This can be circumvented by the addition of deuterated EDTA and SDS to the sample solution. 37 NMR applications involve the use of homoand heteronuclear 1 H, 13 C and 31 P correlation spectroscopy. One-dimensional 1 H-NMR is useful for profiling small amounts of LPS-OH or oligosaccharide samples. It provides valuable information on the triheptosyl inner-core region, attachment of PCho units, sialic acid residues (from LPS-OH samples) and O-acyl substituents (from oligosaccharide samples). Two-dimensional NMR techniques provide more detailed information but demand also larger sample amounts. The inherent low sensitivity of NMR is a major disadvantage of the technique when compared to other methods since milligram amounts of material are generally needed for analysis. Moreover, due to significant overlap of signals from all glycoforms present in a heterogeneous mixture, individual components cannot always be unambiguously characterized.
Recent advances in MS have facilitated in-depth analysis of LPS. Ionization methods involving electrospray (ESI) and matrix-assisted laser desorption (MALDI) in conjunction with quadrupole, ion trap, time-of-flight and Fourier transform mass spectrometers have provided detailed information on both core oligosaccharide and lipid A structures. 63, 64 We have extensively used ESI-MS which has proved to be particularly suitable for profiling the structural diversity of short-chain LPS of which the general aspects have been reviewed. 62, 65 Electrospray-MS is a soft ionization method that can easily be combined with advanced separation techniques, including HPLC or capillary electrophoresis (CE). 66, 67 It is readily applied to LPS-OH and oligosaccharide in either the negative or positive ion mode. Tandem mass spectrometry experiments (MS/MS and MS n ) are of particular value since they can provide evidence for the structural features important in virulence (as mentioned above) on minute amounts of material. Recently, the method was applied to a single-colony quantity of intact LPS. 68 Figure 2 shows the ESI-MS spectrum for LPS-OH derived from NTHi strain 1268 for which the major LPS structures were recently identified. 23 The MS data indicated the presence of heterogeneous mixtures of glycoforms, consistent with each molecular species containing the conserved PEtn substituted triheptosyl innercore moiety attached via a phosphorylated Kdo linked to the O-deacylated lipid A (lipid A-OH). Two major glycoforms are observed as triply-charged ion at m/z 813.2 and 854.2, corresponding to respective compositions PCho⋅Hex 2 ⋅Hep 3 ⋅PEtn 1-2 ⋅P⋅Kdo⋅lipid A-OH. Less prominent glycoforms are indicated for which the triply charged ion corresponding to the most extended one observed in this experiment, PCho⋅HexNAc⋅Hex 5 ⋅Hep 3 ⋅PEtn⋅P⋅Kdo⋅lipid A-OH, is at m/z 1042.8.
Due to their very low abundance and/or extensive overlap with those corresponding to major, non-sialylated glycoforms, ions corresponding to sialylated glycoforms are rarely identified in the full ESI-MS spectra of LPS-OH samples. However, their presence can be confirmed in precursor ion monitoring MS/MS experiments (negative ion mode) by scanning for loss of m/z 290 (Neu5Ac) and/or m/z 581 (Neu5Ac2). Using this approach, the presence of important sialylation sites in H. influenzae LPS were recently detected. 22, 23 Figure 3A shows the precursor ion scan spectrum (negative ion mode) of LPS-OH derived from NTHi strain R2846 losB1 (unpublished data). In this strain, the heptosyl- Figure 3B shows the MS 2 spectrum (positive mode) of m/z 1081 (corresponds to m/z 1079.5 in Fig. 3A) . Although minor, the diagnostic ion at m/z 657.4 confirms the presence of sialyl-lacto-Nneotetraose in NTHi strain R2486.
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Profiling the substitution pattern in oligosaccharide by ESI-MS
Electrospray-MS (negative or positive mode) on oligosaccharide samples derived from LPS by mild acid hydrolyses reveals the same glycoform populations as observed for LPS-OH, however, without acid labile 206 Schweda, Twelkmeyer, Li Fig. 3 . CE-ESI-MS/MS spectra of LPS-OH derived from NTHi strain R2846 losB1. (A) Precursor ion spectrum (negative ion mode) using m/z 290 as the fragment ion for identification of sialylated components in R2846 losB1. The indicated triply and doubly charged ions correspond to glycoforms with the composition Neu5Ac⋅HexNAc⋅Hex 4 ⋅Hep 3 ⋅PEtn 1-2 ⋅P⋅Kdo⋅lipid A-OH for which the structure is shown in inset. (B) ESI-MS/MS spectrum (positive mode) of the ion at m/z 1081 corresponding to the sodiated adduct of Neu5Ac⋅HexNAc⋅Hex 4 ⋅Hep 3 ⋅PEtn 2 ⋅P⋅Kdo⋅lipid A-OH. Indicated is the ion at m/z 657.4 corresponding to [Neu5Ac Hex HexNAc + H] + . The experimental conditions are described elsewhere. 23, 71 substituents. Instead, the heterogeneity in the oligosaccharide part due to various substituents, in particular acetates and glycine, is observed and their number and identity can be proposed from the MS data. Figure 4 shows the ESI-MS spectrum (negative mode) of oligosaccharide derived from NTHi strain 1200. LPS structures identified for NTHi 1200 are the same as for NTHi strain 1268 except for that strain 1200 is acetylated. 23 Thus, it was found that each glycoform carries up to three acetates in addition to one glycine residue. The position of two acetates could be obtained by MS 3 experiments. In general, information on the location of PCho, PEtn, Gly and Ac can be provided by MS/MS experiments in the positive ion mode. 21, 28, 36 In the corresponding spectra, the occurrence of marker ions corresponding to specific building blocks is of particular interest. Figure 5 shows results obtained for a glycoform (composition PCho⋅Ac⋅Gly⋅Hex 3 ⋅Hep 3 ⋅PEtn⋅AnKdo-ol; [M+2H] 2+ 837.0) from the allelic variant strain 486lpsAEa (unpublished data). In this strain, the LpsA from NTHi strain 486 is exchanged with that from H. influenzae strain Eagan. 42 Thus, only the glycose extension from HepIII differs from the 486 wild-type strain. For strain 486, the position of one acetyl group was assigned to O-2 of HepIII by NMR methods. The position of other acetyl groups and glycine was not established. 14 In Figure 5 , ions at m/z 292, 328, 370 and 643 correspond to HepAcGly, PChoHex, PChoAcHex and PChoHexHepPEtn, respectively. The ion at m/z 454 confirms the position of Ac at HepIII but also evidences Gly to be linked to that residue. The ion at m/z 370 indicates another position of Ac, at the hexose linked to HepII. The other marker ions confirm the position of phosphorylation sites in NTHi strain 486.
Profiling of oligosaccharide glycoforms in by MS n
Analysis of permethylated oligosaccharides by MS n has allowed us to identify isomeric glycoforms in very heterogeneous LPS preparations. [17] [18] [19] [21] [22] [23] 28, 30, 66, 72 In general, permethylation increases the MS response by several orders of magnitude and several glycoforms can be observed in the MS spectra that are not detected in underivatized samples. Sequence information is readily obtained from permethylated samples since methyl tagging allows the distinction between fragment ions generated by cleavage of a single glycosidic bond and inner fragments resulting from the rupture of two glycosidic linkages. In contrast, the fragment ions arising from these cleavage pathways are isobaric in the underivatized compounds rendering them indistinguishable from each other. Figure 6 shows the application to oligosaccharide derived from NTHi strain 1200. 23 Strain 1200 contains virtually the same glycoforms as observed in strain 1268; however, traces of three other higher molecular mass forms -HexNAc 1 ⋅Hex 6 ⋅Hep 3 ⋅AnKdo-ol and HexNAc 1-2 ⋅Hex 7 ⋅Hep 3 ⋅AnKdo-ol -at m/z 2528.9, 2732.9 and 2976.9, respectively, are observed (Fig. 6A) . The MS 2 spectrum of m/z 2976.9 is shown in Figure 6B . The fragment ions m/z 2718 and 1860, indicate the loss of t-HexNAc and t-HexNAc-Hex-Hex-Hex-HepIII. The ion at m/z 1860 was further fragmented (Fig. 6C ) which gave the fragment ions at m/z 1600 and 1130 corresponding to Proposed key fragments are indicated in the structure. The experimental conditions are described elsewhere. 23 the loss of t-HexNAc and t-Hex-HepI-Kdo. This indicates the Hex7HexNAc2 isomer to be substituted by one hexose at HepI and a HexNAcHexHexHex unit substituting both HepII and HepIII, respectively. By analogy, 13 different isomeric glycoforms were identified in oligosaccharide from NTHi strain 1200. 23 In another strain, NTHi strain 1233, this approach allowed us to detect 36 variant LPS glycoforms in one strain -the most so far. 18
Profiling of glycoforms in intact LPS
Electrospray-MS analyses of intact unmodified LPS have not been exploited routinely, probably because of the insolubility of LPS in aqueous/organic solvents, although spectra have been reported for H. influenzae LPS. 37 Recently, an electrophoresis-assisted open-tubular LC/MS method was applied to intact LPS from H. influenzae strain RM 118 (Rd). 73 In that study, we were able to obtain structural information on both oligosaccharide and the lipid A moiety including the sialylation, glycylation, and the distribution of fatty acid residues on the disaccharide backbone of lipid A. The fragmentation patterns of sodiated and protonated LPS molecules were investigated for determining the location of sialic acid. The MS/MS spectra of sodiated ions provided unambiguous evidence of both sialylated lactose and sialylated lacto-N-neotetraose. The structure of lipid A was characterized by MS/MS on intact LPS molecules without any prior chemical modifications. In the same way, information on the oligosaccharide could be obtained by MS/MS by focusing on ions originating from core oligosaccharide.
CONCLUSIONS
A characteristic feature of H. influenzae LPS is the extensive inter-and intra-strain heterogeneity of glycoform structure. The structural characterization of LPS is important for the understanding its role in disease pathogenesis. Of particular interest are terminal structures known to be responsible for the potential of the bacterium to cause disease. We know that sialic acid, digalactoside and PCho are important virulence factors. Furthermore, acylation and phosphorylation of the core oligosaccharide may contribute to virulence. Identification of these structural features during the course of disease will permit further delineation of their role in pathogenesis. To date, this has only been done for sialic acid in the chinchilla model for experimental otitis media.
The analysis of complex LPS mixtures is further complicated due to the relatively small amounts derived from bacterial sources. This is especially true when samples are obtained as disease isolates from in vivo sources.
To this end, mass spectrometry methods have provided the means to characterize clinical isolates or phase variants and have been applied to single colony analysis. Moreover, the advances made in MS technology together with the increased knowledge of how LPS molecules behave during MS fragmentation now permits the characterization of LPS glycoform populations in complex mixtures and biological matrices. Future developments in instrumentation and methodology will, no doubt, further enable the study of the contribution of LPS virulence determinants to disease development in vivo.
